INTRODUCTION
Intestinal epithelium is equipped with a number of enzyme systems, like glucuronyltransferases and glutathione S-transferases (GSTs), which are involved in detoxification of xenobiotics [1] . This is not surprising in view of the fact that the intestinal mucosa should protect the body against toxic and carcinogenic compounds which are ingested via the gastrointestinal tract. Indeed it has been shown in a number of studies that metabolites of compounds like l-naphthol, paracetamol and ethinyloestradiol are generated within the intestinal epithelium and subsequently secreted into the lumen of the gut, the vascular side, or both [2] [3] [4] [5] . Little is known, however, about the molecular mechanism by which these cells secrete the products of such reactions. In order to delineate one of the possible transport systems involved in these secretory processes we have set up a model system in vitro with cultured intestinal epithelial cells in which a glutathione-S-conjugate is generated intracellularly. For this purpose we have used the Caco-2 cell line, which is one of several human colon adenocarcinoma cell lines that have been reported to undergo enterocytic differentiation upon culture in vitro [6, 7] . The advantage is that the Caco-2 cell is a very wellcharacterized line with many characteristics of normal enterocytes and that it forms polarized monolayers when cultured on plastic dishes or on permeable filters [8] .
As a model substrate for transport we have chosen dinitrophenyl-gluthathione (GS-DNP). In order to generate this compound within intact Caco-2 cells they are incubated with 1-chloro-2,4-dinitrobenzene (CDNB). The advantages of using this compound are multiple: first it is a hydrophobic compound that easily permeates into cells by simple diffusion; secondly it is an extremely good substrate for GSTs [9] . Peters An additional and important advantage of this compound is that only one metabolite, the glutathione-S-conjugate is formed within the cell. In a number of studies it has been shown that GS-DNP is secreted in the liver by an ATP-dependent transporter which is present exclusively in the canalicular (apical) membrane of the hepatocyte [12] [13] [14] . In the present paper we have investigated the characteristics and sidedness of the transport system responsible for the secretion of intracellularly generated GS-DNP in Caco-2 cells. Figure 1 the cells were washed to remove any residual extracellular label, warmed to 37 'C and allowed to secrete radioactivity for10 min. The radioactivity that was present in the medium was also applied to the h.p.l.c.
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column. Figure 2 shows that this material also largely co-eluted with the GS-DNP standard, but this peak has one or two shoulders that were slightly retarded on the column compared with GS-DNP. Since these compounds were not present in the intracellular material it was hypothesized that the extracellular action of y-glutamyltransferase (y-GT) and dipeptidylpeptidase may give rise to these compounds by hydrolysing the glutathione moiety. In order to investigate this possibility we repeated the experiment in the presence of 0.5 mM acivicin, an inhibitor of y-GT. H.p.l.c. analysis confirmed the hypothesis: after inhibition of yGT by acivicin all medium radioactivity co-eluted with the GS-DNP standard. It was subsequently investigated whether addition of acivicin had any effect on the secretion rate of GS-DNP. Figure 3 shows that this was not the case: cells that were pre-incubated secreted the radioactivity at the same rate as untreated cells. From this result it can be concluded that extracellular metabolism of the GS-conjugate does not influence secretion.
In order to verify that secretion is a carrier-mediated process, the saturability of transport was determined. Ten-day-old confluent Caco-2 cells were loaded as described above with different amounts of GS-DNP ranging from 0.13 to 0.9 nmol/mg of protein and the initial secretion was measured in the first 8 min after washing and warming the cells. All concentrations used were lower than the concentration in the experiments shown in Figures 1-3 so that complete conjugation of CDNB is assured. The results of a representative experiment are depicted in Figure  4 as a Lineweaver-Burk plot. Analysis of the results reveals saturability with an apparent Km of 1 Cells were loaded with labelled GS-DNP as described in Figure 3 . The intracellular GS-DNP content was determined by subtracting the amount of label present in the medium after the loading procedure from the added amount. The cells were warmed to 37 and the initial secretion rate of GS-DNP was measured. The results are from a representative experiment from a set of three.
with the standard amount of GS-DNP and washed at 10 'C. Then the cells were warmed by addition of warm medium containing different amounts of unlabelled GS-DNP up to 2.5 mM. Figure 5 shows that the addition of unlabelled GS-DNP neither inhibited nor stimulated the initial secretion of labelled GS-DNP. The absence of trans-stimulation of GS-DNP secretion suggests that the carrier involved is highly asymmetric. Unlabelled GS-DNP in medium (mM) absence of glucose. As Figure. 6 shows the cellular ATP level could be titrated in this way with a maximal decrease of 62 % in the presence of 0.8 mM deoxyglucose. Concomitant with the decrease in the ATP level there was a decrease in the initial GS-DNP efflux with maximal inhibition of 51 % as compared with control cells. Figure 6 also shows that reduction of the ATP level had no influence on the GSH content of the cells.
Caco-2 cells form polarized monolayers in culture; in the previous experiments cells were cultured on plastic dishes and therefore the observed secretion mainly involves apical transport. When grown on permeable filters the cells also polarize with the basal membrane on the filter and transport over both apical and basolateral membranes can be measured. In order to assess the relative contribution of apical and basolateral membranes to the secretion of GS-DNP we have grown the cells on filters and measured secretion at both poles of the cells. Cells were grown until 10 days after confluency and integrity of the monolayers was assessed by measuring the transepithelial electrical resistance over the filters, which amounted to 278 + 68 Q * cm2, which is in line with previously reported resistance for confluent Caco-2 monolayers [8] . Furthermore analysis by electron microscopy of fixed filter cultures revealed the polarized character of the cells in accordance with previous reports. Transepithelial permeability was also measured by addition of [14C]methoxyinulin to the apical or basolateral compartment of the filters. Inulin transport across these Caco-2 cell layers was <2 %/hour from either compartment.
Cells were loaded with GS-DNP from both the apical and basolateral side of the cells in an identical manner as in previous experiments. Figure 7 shows that when the cells are washed and warmed to 37°C radioactivity was secreted from both sides of the cell. The initial secretion rate at the basolateral membrane was significantly higher than over the apical membrane (146 + 25 and 90 + 18 pmol/min per mg respectively). Extrapolation of the secreted radioactivity in time revealed a 1 min lag in the basolateral, but not in the apical secretion. This lag may represent the time needed to pass the filter. The relative contribution of the apical and basolateral membrane to GS-DNP secretion did not differ when the precursor molecule CDNB was either applied on both sides of the cell or on the apical side alone (results not shown). Pretreatment of cells grown on filters with 0.8 mM deoxyglucose led to the same ATP depletion as in the experiments of Figure 6 . Both apical and basolateral GS-DNP secretion were largely inhibited by this ATP depletion; however, inhibition of apical secretion (82 %) was somewhat stronger than the inhibition of basolateral secretion (69%).
DISCUSSION
Although the liver is viewed as the most important organ involved in detoxification reactions it is generally recognized that intestinal epithelium contains the enzymic machinery to constitute a primary detoxifying barrier against noxious compounds that are present in the gastrointestinal tract [1] . Intestinal epithelium as well as Caco-2 cells contain a high level of GST activity [10, 11] . Furthermore the intracellular GSH content of Caco-2 cells (4.2 nmol/mg of protein) is high enough to support rapid intracellular conjugation of substrates like CDNB. Although the Caco-2 cell has become an attractive model system for studies into enterocytic transport of ions [15] , amino-acid residues [16, 17] and other ligands [18] little is known about the mechanism of secretion of intracellularly formed products of phase I and phase II reactions. In the present paper we demonstrate that GS-DNP generated within the cell is secreted via a temperaturesensitive, saturable transport system. A V,'ax of 111 + 17 pmol/ min per mg of protein was observed with an apparent Km of 1.03 + 0.26 nmol/mg of protein. It should be emphasized that this apparent Km gives little information about the affinity of the free substrate for the transporter; most of the intracellular GS-DNP will be bound to cytosolic GST.
Our experiments suggest that the GS-DNP transport system has a highly asymmetric character: extracellular concentrations of up to 2.5 mM unlabelled GS-DNP did not stimulate the secretion of radioactive GS-DNP from the cells into the medium. These observations suggest that the transporter is primarily, if not exclusively, involved in secretion of GS-conjugate and not in uptake. In line with this observation are the experiments which suggest that transport is driven by a primary or secondary active mechanism: a strong correlation could be demonstrated between cellular ATP levels and the initial GS-DNP secretion rate. It is excluded that this effect is secondary, since the cellular GSH content remains constant under these conditions and GST activity is an ATP-independent process. In cells grown on filters the apical efflux rate (90 pmol/min per mg of protein) was higher than in cells grown on plastic (60 pmol/min per mg of protein); furthermore the relative inhibition of transport by ATP depletion was stronger in cells grown on filters than in cells grown on plastic. This may indicate that Caco-2 cells grown on filters have a higher expression level of this ATP-dependent transport system than cells grown on plastic. In this context it is interesting to note that in rat hepatocytes a transport system has been described which is responsible for the apical (canalicular) secretion of GS-DNP and a variety of other organic anions including glucuronide-, glutathione-, sulphate-conjugates and GSSG [19, 20] . In a system with cultured hepatocytes Lindwall and Boyer [21] have studied GS-DNP secretion and observed similar asymmetric behaviour to that we report here for Caco-2 cells; in these experiments, however, the driving force of the transport mechanism was not investigated. In subsequent studies using isolated canalicular plasma membrane vesicles several groups have demonstrated that this transport system is a directly ATPdependent organic-anion pump [14, 22, 23] . In view of its characteristics this transport system has been termed canalicular multispecific-organic-anion transporter (cMOAT) [12] . ATPdependent transport systems with very similar characteristics have been characterized in erythrocytes and heart sarcolemma [24, 25] . In the hepatocyte, however, this organic-anion transporter is exclusively localized in the canalicular domain of the cell [20] . The results from our present study suggest that in Caco-2 cells a glutathione-conjugate transport system is present in both apical and basolateral membrane domains and that the transport activities in both domains are sensitive to ATP depletion. These results render it likely that the transporter in Caco-2 cells is different from that in the hepatocanalicular membrane. The latter conclusion is in line with observations by de Vries et al. [26] on the intestinal secretion of naphthylglucuronide in normal and TR-rats. The TR-rat has a hereditary defect in the above described cMOAT. Organic anions like GS-DNP and naphthyl-glucuronide are not secreted into the bile of these rats [20, 26] . De Vries et al. [26] have administered 1-naphthol to the isolated perfused rat small intestine; they demonstrated that glucuronide of 1-naphthol is secreted at both the luminal and the vascular side. They also found that in the TR-rat this secretion is unaffected indicating that glucuronide secretion in small intestine and canalicular membrane of the liver indeed involves different organ-specific gene products. On the other hand Heijn et al. [27] have shown that GS-DNP transport in inside-out vesicles from erythrocytes has very similar characteristics and ATP-dependency as the system in the hepatocanalicular membrane. These observations suggest that the transport of organic anions in organs such as liver, intestine, erythrocyte and heart is catalysed by a family of ATP-dependent transporters. The tissue-specific transporters may be similar but not identical.
